Introduction
Spirodiisophora-3',6-dione (1), readily accessi ble as the product o f the self-condensation of isophorone under controlled conditions [1] is a versatile starting material for studying the bicyclo[2.2.2]octane-2-spirocyclohexane ring sys tem. Since this diketone consists of identically sub stituted bicyclo[2.2.2]octane and cyclohexane moieties, the experimental observations provide direct com parisons o f reactivities within these two ring systems. The sum o f our results so far availa ble reveals a superior reactivity o f the cyclohexanone part o f the molecule, which is affected prefer entially by such reactions as reduction, halogenation, and the action o f Grignard reagents. The present account deals with the products formed in the selective action o f several reducing agents on the 3'-keto-function (of 1).
Results and Discussion

Reductions leading to ketols
Spirodiisophora-3',6-dione (1) was attacked se lectively at its 3'-keto-function by various reduc ing agents to yield either or both epimers of 3'-hydroxyspirodiisophor-6-one (2, 3), the config uration depending on the reagents employed. The action o f lithium aluminium hydride [2, 3 a] in di ethyl ether gave good yields of a product m .p. 158-160 °C form ulated as the 3'-eq-epimer 2. C at * R ep rin t requests to D r. F. K urzer.
Verlag der Zeitschrift für N aturforschung, D-7400 Tübingen 0932-0776/91/1100-1557/$ 01.00/0 alytic hydrogenation (of 1) over platinum in gla cial acetic acid [3 b ], on the other hand, gave al most exclusively the 3'-ax-isomer 3, m .p. 147 -149 °C, also obtained by the action of diborane generated from boron trifluoride etherate and lithium aluminium hydride [4] , or by the use o f so dium borohydride [5] ; in the latter reduction, both isomers were formed side by side, the 3'-ax form predominating. The epimeric hydroxyspiroketones (2, 3) differ in their physical and spectral charac teristics, and give rise to two distinct series of de rivatives. Their form ulation is based on the follow ing observations;
The preservation o f the ring skeleton in the re ductions was shown by the reconversion of both 3'-hydroxy-isomers (2, 3) into the parent diketone (1) by chromic acid oxidation. This proof is m ate rial, because the bicyclo[2.2.2]octane structure tends to undergo rearrangem ent or partial ring fis sion under a variety o f conditions, especially to the more stable bicyclo[1.2.3]octane system [6] , as for example in the Clemmensen reduction o f bicyclo-[2.2.2]octa-2,6-dione (A) to bicyclo[1.2.3]octanl-ol-7-one (B) [7] , The possibility of the two hydroxyketones being position isomers was excluded by the failure o f either com pound to undergo fur ther reduction by the procedures that yield the op posite isomer, and by the inability o f both to form ketonic derivatives. This inertness to reduction of the remaining keto-group is in accord with its ina bility in the dione 1 to react with ketonic reagents [1] . The reductions are therefore restricted to the 3'-carbonyl group, a fact that is verified independ ently by the two-dimensional ,3C N M R spectra of 1 and 3 [1] , F or the ketol 3 (in contrast to the di ketone 1), full connectivities are established for the complete cyclohexane ring (showing the absence of a keto-group in it), while the sequence for the bicyclo[2.2.2]octane-moiety is interrupted in both 1 and 3 by the inaccessibility of the 6-keto-signal.
The proposed orientation of the 3'-hydroxygroup in the epimer-pair 2 and 3 is based on the following considerations.
C arbon ,3C N M R studies of cyclohexanols re veal a consistent correlation between the confor m ation of their hydroxyl-group and the resonance of the carbinyl carbon bearing it, the axial hydrox yl generally exerting a shielding o f approxim ately 5 ppm relative to its equatorial counterpart [8] [9] [10] , In the present epimer pair (2, 3), the 3'-carbinyl doublet of the LAH-reduction product, m .p. 160 °C, appears at lower field (<5, 68.3 ppm) than that o f the epimeric hydrogenation product, m .p. 149 °C (<5, 63.5 ppm), suggesting the eq-hydroxyl conform ation in the former.
The IR spectra of the isomeric acetyl-derivatives 4 and 9 support this conclusion. Thus, the C -O band in the 1200 cm "1 region o f the spectrum of the acetate m .p. 120 °C, derived from the LAH eq-reduction product, is less complex than the broader multiple absorption of its ax-epimer, m. p. 90 °C, in agreement with such characteristic differ ences established for comparable epimeric steroid acetates [11, 12] . The frequency of the C -O stretching band o f unsubstituted hydroxy-groups is an additional potential criterion for distinguish ing their configuration (viz. eq: 1040; ax: 1000 cm"1) [11, 12] , Since the IR data o f the present epimers (2, 3) deviate somewhat from these figures, a deci sive choice on this basis is not possible, but the adopted assignments do conform to the observed relative positions o f the peaks (LAH product 2: v 1030, 1050; hydrogenation product 3: v 1020, 1040 cm -1).
Chemical evidence supporting the assignments was provided by the results o f the solvolysis of the toluene-/?-sulphonate 8. Only ax-arylsulphonyl es ters lose the elements of arylsulphonic acid readily in this reaction, resulting in a net dehydration [13] ; this facile 1,2-elimination is contingent upon the coplanarity o f the leaving groups, necessitating their trans-axial configuration [14] , Although the action on 8 o f potassium acetate in acetic acid [15] effected some dehydration (to 13), it did so slowly in low yield, incompatible with a 3'-ax-configuration o f the ester 8. Part of the reactant was either unchanged or had undergone substitution (to 4), as was separately shown by subjecting the total crude acetolysis product to alkaline hydroly sis, when the ketol 2 was isolated side by side with the olefin 13, both in low yield. Such limited dehy dration as did occur may be the consequence of the generation o f small amounts of a 3'-ax configura tion of 8 by conform ational isomerization ("flip ping") o f the cyclohexane ring.
The keto-olefin 13 was also accessible, again in m oderate yield, by the action o f sodium ethylene glycolate on the benzenesulphonylhydrazone 15 [1] at high tem peratures (Bamford-Stevens reac tion [16] ).
The existing knowledge of the stereoselective control o f the reduction of alicyclic ketones is ex tensive [3] but not entirely consistent, so that the prediction o f the steric outcome of individual ex amples may at times be uncertain [17, 3] , The steric course of the present group of reductions is broad ly compatible with the available background infor mation. The LAH reduction o f unhindered ke tones tends to yield the equatorial hydroxy-compounds, while sterically hindered examples produce the axial isomers [18] ; the generalization is rationalized by a mechanism involving the ap proach o f the hydride ion from the less hindered side of the ketone, and a com petition between "steric approach" control and "product develop m ent" control [11, 19] . In the present case (1 -» 2), the production of the eq-epimer is compatible with the relatively exposed location o f the 3'-ketogroup in the spirane structure (see Fig. Part 1 [1] ), resulting in the thermodynamically more stable equatorial conform er 2. The more bulky sodium borohydride [17] is expected to yield a product richer in the unstable isomer [19] : this is indeed ob served, the reduction giving a mixture of both epi mers, with the axial form now predominating. In the catalytic hydrogenation, the observed exclu sive production of the axial epimer 3 agrees with the general experience that axial alcohols are formed from both hindered and unhindered ke tones in acid media, steric hindrance becoming sig nificant under neutral conditions [20, 21] (for mechanism, see [3, 11, 22] ).
Wolff-Kishner reduction
The more drastic reduction o f keto to methylene in the present ring system was effected by the W olff-Kishner reaction and occurred again exclu sively in the cyclohexane ring. In the modified pro cedure due to Huang Millon [23] , the diketone 1 reacted with anhydrous hydrazine in boiling di ethylene glycol containing dissolved sodium to give high yields of spirodiisophor-6-one 14. Its composition, molecular weight, and single narrow IR absorption peak in the ketone range (v, 1720 cm -1) are those o f a m onoketone. O f the two keto-carbon N M R signals of the diketone 1, it is the higher field 3'-CO singlet that is replaced by a methylene triplet; the preserved 6-keto-function fails to react with 2,4-dinitrophenylhydrazine as expected [1] , F urther structural confirmation is provided by the alternative synthesis [3 c ] from the 3'-sulphonylhydrazone 15, which reacts with so dium borohydride in dioxan to afford near-quanti tative yields of 14. Attem pts to force the WolffKishner reaction beyond the mono-reduction stage were unsuccessful, neither the diketone 1 nor the isolated m onoketone 14 being further attacked under the most severe conditions; the ultimate hy drocarbon of this ring system was therefore not obtainable by this route.
The present reduction is thought to involve, in accord with the generally accepted mechanism [3d, 24], the initial production o f the hydrazone, followed by prototropic rearrangem ent to the diimide; subsequent deprotonation and loss o f ni trogen yields the carbanion from which the final product arises by rapid reprotonation by the sol vent. In view of the small spatial requirem ent of each of these stages, the inertness of the 6-ketogroup in this reaction is particularly noteworthy.
The postulated form ation of the initial stage in this sequence is supported by the course o f the reaction under mild conditions: condensation in volving both amino-entities of the reagent results in the azine 18. Its formulation agrees with its com position, molecular weight, and the presence o f the -C = N -N = C -chrom ophore, to which is as cribed its yellow colour and absorption in the UV (/lmax 265 nm) and IR range (v 1640 cm "1). Transhydrazination by pyruvic acid [25] or Clemmensen reduction reconverted the azine to the parent dike tone 1.
In conclusion, the production of the 3'-amine 17 of the present ring system is briefly reported. Cyclohexylamines are accessible from alicyclic ke tones by the reduction o f their oximes, a reaction that has proved widely applicable to both monoand multi-ring systems [26] . 3'-Oximinospirodiisophor-6-one (16), though resistant to lithium alu minium hydride normally effective in this reaction, gave the 3'-amine 17 on catalytic hydrogenation; it was isolated as the toluene-/?-sulphonate and fur ther characterized as the picrate. According to the rule that the stereochemical course of the hydro genation of oximes follows that of their parent ke tones [11] , the am ino-group is likely to assume the axial configuration, but direct proof is lacking.
,3C N M R spectra
The mapped 13C N M R spectra of the parent di ketone 1 and the 3'-ax-ketol 3, that are reliably as signed [1] by the results of the IN A D EQ U A TE technique, provide the basis for interpreting with confidence the spectra of the related spirodiisophorane derivatives now described. They are dis played in the usual m anner in accordance with their assignments (Table I) , forming a self-consistent set of data that contributes significantly to the structural evidence.
Their general characteristics, especially the m ag nitude of the individual shieldings, have been dis cussed in the case of the key-compounds 1 and 3 [1] . The wider range of spectra now presented dem onstrates the remarkable constancy o f the chemi cal shifts of all the carbon atoms o f the bicyclo[2.2.2]octane moiety throughout the series, confirming the absence o f structural changes in this region. This observation extends also to the m onoketone 14: the disappearance of the electronattracting 3'-keto-group removes the higher-field keto-singlet (209.6 ppm of 1) and simultaneously increases the electron density at the adjacent 2'-and 4'-carbons, causing the upfield displacement of their triplets (by ca. 14 ppm) as expected [1] , The correlation of chemical shifts and conform a tion of hydroxy-groups used in determ ining the configuration of the epimeric 3'-ax-and eq-ketols (2, 3) has already been indicated in the appropriate context (see above). The extended results suggest that this relationship persists in the functional de rivatives (4, 5 ,7 and 9,10,12) of the respective sec. alcohols, the axial C-3' carbons being shielded by the usual [8] [9] [10] am ount (ca. 5 ppm). The signals of the exocyclic aromatic residues (in 5, 7, 8, 10, 12) were identifiable by comparison with assigned reference spectra of com parable structures [27] ,
Conclusion
The ready accessibility of spirodiisophorone and the interconversions within this ring system now described offer a profitable approach to the study o f this multicyclic structure. The m ost note worthy single observation so far appears to be the inertness of the 6-keto-group of the bicyclo[2.2.2]-octane moiety within the present extended ringsystem towards ketonic reagents and several re ducing agents, that are effective in the case o f bicyclo[2.2.2]octanone itself [28] , According to molec ular models, the 6-keto-group is subject to steric hindrance by a 5'-ax methyl substituent; whether this is the only inhibiting factor might be revealed by the behaviour of the lower hom ologue (of 1), lacking the gem-dimethyl groupings, and further work in this connection is in progress.
Experimental
The equipment used in the determ ination o f the spectral characteristics of the com pounds is speci fied in Part 1 [1] , which also provides general in form ation applicable to the present experiments. Certain IR spectra are given in greater than usual detail in order to define the spectral differences be tween pairs of epimers.
Boron trifluoride diethyl etherate was the "Lab oratory Chemical" grade (British D rug Houses) containing approximately 45% BF3.
3'-eq-Hydroxyspirodiisophor-6-one (2) [ 3'-eq-H ydroxy-4,5' ,5' ,7,7-pentamethylbicyclo-[ 2.2.2 ] octane-2-spirocyclohexan-6-one ]
A solution of spirodiisophora-3',6-dione (1, 11.04 g, 40 mmol) in anhydrous ether (100 ml) was added dropwise during ca. 5 min to a stirred sus pension of lithium aluminium hydride (2.0 g, 52 mmol) in the same solvent (50 ml) at such a rate that the reaction m ixture effervesced gently; hy drogen was evolved. Boiling under reflux was con tinued for 3 h and the excess of the reducing agent destroyed by the slow addition o f water and 3 M hydrochloric acid. The product was extracted with ether, and the extracts washed with water to neu trality. After the removal o f the solvent, the residu al pale yellow oil was dissolved in light petroleum (15 ml). The separating opaque solid (m .p. 159-160 °C, 9.1-9.8 g, 8 2 -8 8 % ) gave, on crystalliza tion from ethanol (2 ml per g, recovery 90%), m as sive plates of the 3'-eq-hydroxy-6-ketone 2, m .p. The com pound was substantially recovered after being subjected to further reduction by p ro cedures a) and c), below.
3'-ax-Hydroxyspirodiisophor-6-one (3)
a) By catalytic hydrogenation: A solution of spirodiisophora-3',6-dione (1, 2.76 g, 10 mmol) in glacial acetic acid (20 ml) was hydrogenated over Adam s' catalyst [29] (0.15 g), when hydrogen up take was complete after 1 h (observed: 300 cc; theoretical: 27 + 224 cc at NTP). The platinum was filtered off and most of the solvent was removed under reduced pressure. The residual viscous li quid was stirred into ice-water (150 ml) containing 3 M sodium hydroxide (10 ml), when the oily glob ules coagulated to a white solid. Crystallization from ethanol (5 ml) gave plates (2. ) at such a rate that the reaction m ixture effervesced gently. It was stirred at room tempera ture for 5 h, and the excess of the reducing agent de stroyed by the slow addition of cold water and 3 M hydrochloric acid. The product was extracted with ether, the extracts washed to neutrality and the solvent removed. The residual pale-yellow liquid was dissolved in light petroleum (15 ml) and gave 3 as opaque prisms, m .p. 142-143 °C (ca. 7 g, 84%), or lustrous plates, m .p. 147-149 °C (from ethanol). Fractional crystallization from ethanol (3 ml per g) showed that the entire m aterial was the 3-ax-epimer 3.
c) By the action o f sodium borohydride: A solu tion of 1 (5.52 g, 20 mmol) in ethanol (100 ml) was treated with sodium borohydride (6.1 g, 160 mmol), most of which dissolved with gentle ef fervescence during the first few mins, and the mix ture set aside at room tem perature for 24 h. The turbid liquid was diluted with water (600 ml) and acidified with 3 M hydrochloric acid. The resulting precipitate (4.7-5.3 g, 8 5 -9 5 % ) gave, on crystal lization from ethanol, platelets o f the 3-ax-hydroxy-6-ketone 3, m .p. 146-148 °C (yield ca. 50%). The filtrate contained a mixture o f the 3-axand 3-eq-epimers, the former predominating. They were separated by fractional crystallization from ethanol, affording more o f the less soluble 3'-ax-epimer 3 (ca. 60% of the mixture). E vapora tion of the combined filtrates resulted in m aterial of wide melting range (130-165 °C), comprising both epimers.
The hydroxyketone 3 (2 mmol), treated with hydroxylamine hydrochloride (5 mmol) in pyridine (6 ml) under the usual conditions (24 h at room temperature) was recovered (75%).
Reoxidation o f 2 and 3 to spirodiisophora-3',6-dione (1 ) A stirred solution of the 3'-eq-or 3'-axhydroxyketone (2 or 3) (0.56 g, 2 mmol) in glacial acetic acid (8 ml) was treated dropwise with Kiliani's 10% chromic acid [30] 
3'-eq-and 3'-ax-H ydroxy spirodiisophor-6-ones: attem pted epimerization by acid and alkali
The epimers 2 and 3 (0.42 g, 1.5 mmol) were each separately recovered (7 0 -7 5 % after crystalli zation) a) after their solution in ethanol (10 ml) -concentrated hydrochloric acid (3 ml) was boiled for 1.5 h; and b) after their solution in ethanol (10 ml) -3 M sodium hydroxide (3 ml) was boiled for 1.5 h.
3'-eq-Hydroxyspirodiisophor-6-one: derivatives 3'-eq-Acetyl derivative (4) A solution of 2 (0.42 g, 1.5 mmol) in acetic an hydride (6 ml) was boiled under reflux for 30 min, then stirred into warm water (30 ml). The oily globules solidified on storage at 0 °C, and gave platelets (0. 
3'-eq-(3 ,5-Dinitrobenzoyl) derivative (6)
A solution of 2 (0.28 g, 1 mmol) in pyridine (10 ml), treated with 3,5-dinitrobenzoyl chloride (0.25 g, 1 mmol), was set aside at room tem pera ture for 5 h, then stirred into ice water (100 ml) containing concentrated hydrochloric acid (10 ml). The precipitate (m .p. 151-152 °C, 0.39 g, 81%) gave ivory prisms (0.30 g, 63%) of 6, m .p. 
3'-eq-Pheny lure thane derivative (7)
A solution of 2 (0.56 g, 2 mmol) in anhydrous benzene (10 ml), treated with triethylamine (0.15 ml) and phenyl isocyanate (0.29 g, 2.5 mmol), was boiled under reflux for 1 h, the sol vent removed under reduced pressure, and the re sidual oil dissolved in light petroleum (8 ml). The separating product gave on crystallization from acetone (10 ml) -light petroleum (3 ml), m icro prisms (0.58 g, 73%) of 7, m. p. 224-225 °C. 3'-eq-Toluene-p-su/phonate ester (8) A solution o f 2 (0.56 g, 2 mmol) in pyridine (10 ml) was treated with toluene-p-sulphonyl chloride (0.42 g, 2.2 mmol), set aside at room tem perature for 12 h, then stirred into ice water (100 ml) containing concentrated hydrochloric acid (10 ml). The pink precipitate gave, on crystal lization from acetone-ethanol ( In a variant procedure, the acetate-solvolysed total crude product was refluxed in 5 M methanolic potassium hydroxide solution (10 ml) for 3 h, the product isolated by ether extraction and sepa rated by fractional crystallization or chrom atographically (in light petroleum over alumina) into the eq-hydroxyketone 2 (identified by IR, 0.25 g, 36%) and the keto-olefin 13 (28%), identical with the foregoing material.
b)
From 3'-benzenesulphonylhydrazonospirodiisophor-6-one (15) : A solution of 15 [1] (0.89 g, 2 mmol) in ethylene glycol (40 ml) containing dis solved sodium (0.7 g, 30 mmol) was kept at 160 °C under nitrogen for 15-20 min, after which effer vescence ceased. The cooled liquid was stirred into water, and the product extracted with ether. Evap oration of the (washed) extracts gave an oil, which yielded microcrystalline 13, m .p. 9 5 -9 7 °C (from light petroleum) (total, 0.13-0.18 g, 25-35% ).
Reaction did not occur appreciably at 100 °C.
3'-ax-Hydroxyspirodiisophor-6-one (3): derivatives
The 3'-ax-epimer 3 gave by the foregoing proce dures the following derivatives: 3'-ax-A cetyl derivative (9) The crude product (80%) gave lustrous platelets (65%) of 9, m .p. 
3'-ax-Benzoyl derivative (10)
The crude product was a white gum which failed to solidify; it was dissolved in ether, the solution washed neutral, and the oil remaining on removal of the solvent dissolved in ethanol (3 ml). On stor age at 0 °C, there appeared prisms of 10, m .p. 
Spirodiisophor-6-one (14)
a) By Wolff-Kishner reduction o f 1: Sodium (2.3 g, 0.1 g-atom) was dissolved in anhydrous boiling diethylene glycol (50 ml); to the solution, freshly distilled anhydrous hydrazine (9.6 g, 300 mmol) was added and the yellow liquid boiled under reflux (ca. 170 °C) for 15 min. It was cooled to 100 °C, the 3',6-diketone (1, ll.O g , 40 mmol) added and the solution refluxed for 45 h, then stirred into ice water (150 ml). The resulting pre cipitate (m. p. 60 °C, 10.1 g, 96%) gave on crystalli zation from light petroleum (10 ml, b.p. 4 0 -6 0 °C), prisms (8.7 g, 83%) of spirodiisophor-6-one (14) , m .p. The monoketone 14 failed to yield a 2,4-dinitrophenylhydrazone under the standard conditions. b) By the action o f sodium borohydride on 3'-benzenesulphonylhydrazonospirodiisophor-6-one (15) : A solution of the reactant (15 [1] , 1.72 g, 4 mmol) in dioxan (40 ml) was slowly treated with sodium borohydride (3.8 g, 100 mmol) and boiled under reflux for 24 h. A little undissolved solid was fil tered off, the filtrate evaporated to small volume under reduced pressure and acidified at room tem perature with dilute sulphuric acid to destroy the remaining reagent. The product was extracted with chloroform; the washed (water), dried (N a2S 0 4) neutral extract gave, on removal o f the solvent, a pale-yellow oil which produced on crys tallization as above, prisms (0.94 g, 90%) of 14, identical with material obtained in a).
Dimeric azine (18)
Preparation: A solution of the 3',6-dione (1, 4 .14g, 15 mmol) in ethanol (25 ml) -hydrazine hydrate (7.5 g, 150 mmol) was boiled under reflux for 30 min. Most of the solvent was removed un der reduced pressure and the residual colourless liquid stirred into ice water (150 ml) containing concentrated hydrochloric acid (8 ml). The precip itated pale-yellow solid (m .p. 182 °C, 3.7 g) gave, on crystallization from acetone-light petroleum b) By metal reduction: A solution o f the azine (18, 1.1 g, 2 mmol) in glacial acetic acid (20 ml) containing amalgamated zinc (3 g) was boiled un der reflux for 3 h. The decanted liquid was stirred into ice water (100 ml) and neutralized with 3 M sodium hydroxide. The resulting light-brown gum failed to solidify and was extracted with ether; the washed dried neutral solution gave, on removal of the solvent and dissolution of the residue in light petroleum (8 ml), platelets (0.40 g, 36%) of 1, identified as above.
